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GHVLJQ FRGHV DUH $60( DQG 5&&0 +RZHYHU VXEMHFWLQJ WR WKH GHYHORSPHQW RI WHFKQRORJ\ RI WKDW WLPH WKH
SUREOHPRIHQYLURQPHQWDVVLVWDQWIDWLJXHKDVQRWEHHQWDNHQLQWRFRQVLGHUDWLRQLQWKHVHWZRFRGHV0HDQZKLOHLWLV
FOHDUO\ PHQWLRQHG LQ WKH $60( FRGH VHFWLRQ ,,, 1&$ VXEVHFWLRQ WKDW GHVLJQHU VKRXOG FRQVLGHU WKH HIIHFWV RI
PDWHULDOGHJHQHUDWLRQFDXVHGE\LUUDGLDWLRQFRUURVLRQDQGRWKHUXQNQRZQIDFWRUV>@
&XUUHQWO\$PHULFD1XFOHDU5HJXODWLRQ&RPPLWWHH15&UHTXHVWWKDWWKHHQYLURQPHQWDVVLVWDQWIDWLJXHSUREOHP
VKRXOGEHFRQVLGHUHGERWKLQWKHOLFHQVHUHYLHZRIWKHRSHUDWLQJ133DQGOLFHQVHDSSO\LQJRIQHZEXLOG13315&
DOVR SXEOLVKHG WKH 5*  JXLGHOLQHV>@ ZKLFK UHTXHVW WKH QHZ EXLOG 133 VKRXOG FRQVLGHU WKH HQYLURQPHQW
DVVLVWDQW IDWLJXH SUREOHP DQG UHOHDVHG WKH UHVHDUFK UHSRUW RI 185(*&5>@ ZKLFK SURYLGHG WKH GHWDLOHG
PDQLSXODWLRQSURFHGXUH >@$60(FRGHUHOHDVHG WKH&RGH&DVH1>@ LQZKLFKDOVRSURYLGHG WKHIDWLJXH
XVDJHFDOFXODWLRQPHWKRGZKHQFRQVLGHULQJWKHHQYLURQPHQWDVVLVWDQWIDWLJXHSUREOHP+RZHYHU WKHHQYLURQPHQW
DVVLVWDQWIDWLJXHFRUUHFWLRQIDFWRU)HQLVEHWZHHQDQGZKLFKZLOOUHVXOWDPXFKODUJHUFXPXODWLYHIDWLJXHXVDJH
WKDQ WKH OLPLW RI  ,Q WKLV FDVH PDQ\ HTXLSPHQWV DQG SLSLQJ DUH XQVDIH 7KH HQYLURQPHQW DVVLVWDQW IDWLJXH
SUREOHPLVQRWFRQVLGHUHG LQ WKHXQGHUFRQVWUXFWHGDQGRSHUDWLQJ133LQFKLQD(VSHFLDOO\ LW LVVWLOOQHFHVVDU\ WR
LQYHVWLJDWHWKHRYHUWXUQLPSDFWRIHQYLURQPHQWDVVLVWDQWIDWLJXHWRWKHWUDGLWLRQDOGHVLJQRIHTXLSPHQWDQGSLSLQJ
7KHVDPSOHSUREOHPSUHVHQWHGLQWKLVSDSHUFDOFXODWHGWKHFXPXODWLYHXVDJHIDFWRUDQGHQYLURQPHQWDVVLVWDQWIDWLJXH
FRUUHFWLRQIDFWRU)HQRID W\SLFDOVWDLQOHVVVWHHOQR]]OHRISULPDU\ ORRSHTXLSPHQWDFFRUGLQJ WR$60(&RGH&DVH
1 ILUVW DQG WKH IODZ WROHUDQFHPHWKRG LVDSSOLHG WRFDOFXODWH WKH IDWLJXHJURZWK7KH LPSDFWRISULPDU\ ORRS
ZDWHUHQYLURQPHQWWRIDWLJXHJURZWKEHKDYLRXULVDOVRWDNHQLQWRDFFRXQW
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LV GLUHFWO\ XQGHU WKH SULPDU\ ORRSZDWHU HQYLURQPHQW 7KHPDWHULDO RI WKH VWDLQOHVV VWHHO LV /ZLWK LQQHU
UDGLXVRILQDQGWKLFNQHVVRILQ7RVLPSOLI\DQDO\VLVPRGHODQD[LV\PPHWU\PRGHOFUHDWHGE\$EDTXV
VRIWZDUHLVVKRZQLQ)LJ7KHWKHUPDODQGVWUHVVDQDO\VLVLVILQLVKHGFRQVHTXHQWO\
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
)LJ7HPSHUDWXUHKLVWRU\RIKHDWXSDQGFRROGRZQWUDQVLHQW
$UHSUHVHQWDWLYHWKHUPDOWUDQVLHQWRIKHDWXSDQGFRROGRZQLVGHVLJQHGWRVWXG\WKHHQYLURQPHQWDVVLVWDQWIDWLJXH
7KHKHDWLQJKLVWRU\RIWKLVWUDQVLHQWLVVKRZQLQ)LJ7KHGHVLJQOLIHRIWKHVWDLQOHVVVWHHOLV\HDUVZKLOHWKH
KHDWXSDQGFRROGRZQWUDQVLHQWZLOORFFXUWLPHV%RWKSURFHVVRIKHDWLQJDQGFRROLQJODVWV6HFHTXDOO\
+HDW WUDQVIHU FRHIILFLHQW RI LQVLGH VXUIDFH LV GHHPHG WREH D FRQVWDQW YDOXHRIEWXKUIW)ZKLOH WKHRXWHU
VXUIDFH LV LQVXODWHG 7KH GLVVROYHG R[\JHQ IRU WKH ZKROH WUDQVLHQW LV  SSP DQG WKH RSHUDWLQJ SUHVVXUH ZLOO
PDLQWDLQDFRQVWDQWYDOXHRINVL
'XULQJ WKHUPDODQDO\VLV WKHILUVW VWHSDQG ODVW VWHSVKRXOGEHVWHDG\VWDWHDQGDOVR WKH WHPSHUDWXUHFKDQJHIRU
HDFK VWHS VKRXOG QRW EH JUHDWHU WKDQ ) 7KH UHIHUHQFH WHPSHUDWXUH ]HUR VWUHVV VWDWH LV ć GXULQJ WKHUPDO
VWUHVVDQDO\VLV1R]]OHORDGDQGUHVLGXDOZHOGVWUHVVLVRPLWWHGIRUWKLVVDPSOHSUREOHP7KHERXQGDU\FRQGLWLRQRI
WKH)($PRGHOLVFRQVWUDLQWKHIUHHGRPRIXSSHUVXUIDFHH[FHSWWKHYHUWLFDOGLUHFWLRQZKLOHWKHYHUWLFDOIUHHGRPRI
EHORZVXUIDFHZLOOEHFRQVWUDLQW
$EDTXVLVXVHGIRUJHQHUDWLQJWKHVWUHVVKLVWRU\RIWKHKHDWXSDQGFRROGRZQWUDQVLHQWIRUIDWLJXHDQDO\VLV7KH
VWUHVVDQGWHPSHUDWXUHKLVWRU\RIWKHUHVHDUFKVHFWLRQLVVKRZQLQ)LJZKLFKLVWKHLQSXWIRUIDWLJXHXVDJHIDFWRU
DQGIDWLJXHJURZWKFDOFXODWLRQXQGHUHQYLURQPHQW
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$QHOOLSWLFDOVXUIDFHGHIHFWLVSRVWXODWHGDWWKHLQVLGHVXUIDFHRIUHVHDUFKHGVHFWLRQZLWKLQLWLDOGHSWKRIWLPHV
RIWKLFNQHVVDQGVL]HRILQîLQDYVF7KHIODZJURZWKRIGHHSHVWSRLQWSRLQWDQGVXUIDFHSRLQW
SRLQW  DUH UHVHDUFKHG EDVHG RQ YDU\LQJ DQG FRQVWDQW YDOXH RI DF 7KH SRVWXODWHG D[LDO DQG FLUFXPIHUHQWLDO
GHIHFWVDUHVKRZQLQ)LJDQG)LJ7KHVWUHVV LQWHQVLW\IDFWRUYDU\LQJUDQJHFDQEHSURGXFHGE\DSSO\LQJ WKH
TXDUWLFSRO\QRPLDORIPD[LPXPDQGPLQLPXPVWUHVVGLVWULEXWLRQDORQJWKHWKLFNQHVV
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> @  
n i
ii
x a A x aV
 
 ¦    
[WKHGLVWDQFHIURPVXUIDFHDWWKHGHIHFW
DGHIHFWGHSWK
QQXPEHURIWHUPV
$LFRHIILFHQWRIHTXDWLRQ 


n
i i ii
aK AG
Q
S
 
§ ·
 ¨ ¸
© ¹
¦   
4WKHVKDSHIDFWRUZKLFKLV k yQ E q  
T\SODVWLFFRUUHFWLRQIDFWRU 
(NTXDGUDWLFHOOLSWLFDOLQWHJDOZKLFKLV

 y
aq
l
§ ·  ¨ ¸© ¹

*LWKHFRHIILFHQWRIJHQHUDOOLQHDUTXDGUDWLFDQGFXELFDOFRPSRQHQW
$LFRHIILFHQWRIHTXDWLRQ 
$3,DSSHQGL[&JLYHV WKHVWUHVV LQWHQVLW\VROXWLRQIRUD[LDO VXUIDFHGHIHFWRIF\OLQGHUVWUXFWXUH7KH
VWUHVVGLVWULEXWLRQDWWKHVHFWLRQRISRVWXODWHGGHIHFWVKRXOGEHSUHVHQWHGE\DTXDUWLFSRO\QRPLDORIHTXDWLRQDQG
WKHYDOXHRIVWUHVVLQWHQVLW\IDFWRUFDQEHFDOFXODWHGE\HTXDWLRQ
1585 R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 
 
  
    
x x x xx
t t t t
V V V V V V§ · § · § · § ·    ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹ © ¹
  
[WKHGLVWDQFHIURPVXUIDFHDWWKHGHIHFW
WWKLFNQHVV 
ıLFRHIILFHQWRIHTXDWLRQ
^ `
  
         I c
a a a a aK G p G G G G
t t t t Q
SV V V V V
ª º§ · § · § · § ·     « »¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹ © ¹« »¬ ¼
 
4WKHVKDSHIDFWRUZKLFKLV

  aQ
c
§ ·  ¨ ¸© ¹
 IRUDFOHVVDQGHTXDO
DGHIHFWGHSWK
*LWKHFRHIILFHQWRIJHQHUDOOLQHDUTXDGUDWLFDQGFXELFDOFRPSRQHQW
7KHQ WKH PD[LPXP DQG PLQLPXP VWUHVV LQWHQVLW\ IDFWRU .PD[ DQG .PLQ FDQ EH REWDLQHG ZKLFK ZLOO XVHG WR
FDOFXODWHWKHVWUHVVLQWHQVLW\IDFWRUUDQJHǻ.DQGIODZJURZWKFDOFXODWLRQ%DVHGRQWKLVWKHIDWLJXHIODZJURZWKFDQ
EHGRQHDFFRUGLQJWRWKHHTXDWLRQVKRZQDVEHORZ7KHFRHIILFLHQW&WDNHVDFFRXQWRIWKHHIIHFWRISULPDU\ORRS
ZDWHU HQYLURQPHQW DQG DOO WKH XQLW LQ WKH HTXDWLRQ LV RI86 LQNVL7KH WKUHVKROG RI VWUHVV LQWHQVLW\ IDFWRU UDQJH
WKK'  LV  NVL LQ 7KHHQYLURQPHQWLVFRQVLGHUHGWKHFRHIILFLHQW&LQZKLFKWKHWHPSHUDWXUH7NLV.DQGWKH
VWUDLQULVHWLPH75LVVHF
   
G  
G
na C K K
N
 '   '    

 5 7 (19  C C S S S
        
 C     
 5   S R d d   
.
7 
TS e    

(19 5 S T    
5HVXOWV2I7KH$OORZDEOH'HIHFW0HWKRG
7KHIDWLJXHIODZJURZWKUHVXOWVRISRVWXODWHGD[LDODQGFLUFXPIHUHQWLDOIODZFDQEHREWDLQHG*HQHUDOO\IRUWKH
PLQLPXP VWUHVV VWDWH WKH VWUHVV LQWHQVLW\ IDFWRU LV OHVV WKDQ ]HUR ZKLFK PHDQV WKDW WKH FUDFN IURQW LV XQGHU D
FRPSUHVVLRQ VWDWH ,Q WKLV FDVH WKH IDWLJXH FUDFN JURZWK LV FHDVHG )URP WKLV SHUVSHFWLYH WKH PLQLPXP VWUHVV
LQWHQVLW\IDFWRULVVHW]HURLIDQ\WKHFDOFXODWHGVWUHVVLQWHQVLW\YDOXHLVOHVVWKDQ]HUR7KHIDWLJXHIODZJURZWKGDWD
RIVWUHVVF\FOHRIDQGWKHWLPHVRIIODZGHSWKUHDFKLQJWRWLPHVRIWKLFNQHVVDUHVKRZQLQWDEOH
DQGWDEOH7KHWUHQGRIFLUFXPIHUHQWLDODQGD[LDOIODZGHSWKJURZWKYVWKHVWUHVVF\FOLQJWLPHVLVVKRZQLQ)LJ
DQG)LJ
+RZHYHU LI WKHPLQLPXPVWUHVVLQWHQVLW\IDFWRULVVWLOOGHHPWREHDPLQXVYDOXHZKHQFDOFXODWLQJWKHYDU\LQJ
UDQJHRIVWUHVVLQWHQVLW\LWZLOOSURGXFHDPXFKODUJHUYDOXHWKDWZLOOEHFRQVHUYDWLYHIRUIDWLJXHIODZJURZWK8QGHU
1586   R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 
WKLVSRVWXODWLRQWKHIDWLJXHIODZJURZWKGDWDRIVWUHVVF\FOHRIDQGWKHWLPHVRIIODZGHSWKUHDFKLQJWR
WLPHVRIWKLFNQHVVDUHVKRZQLQWDEOHDQGWDEOH7KHWUHQGRIFLUFXPIHUHQWLDODQGD[LDOIODZGHSWKJURZWKYV
WKHVWUHVVF\FOLQJWLPHVLVVKRZQLQ)LJDQG)LJ
7DEOH)DWLJXHIODZJURZWKGDWDRIFLUFXPIHUHQWLDOGHIHFW
&LUFXPIHUHQWLDO
'HIHFW ,QLWLDOǻ.
)ODZ'HSWKDW
6WUHVV&\FOH
)ODZ'HSWKDW
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
&\OLQGHUB9DU    !
&\OLQGHUB&RQ    !
3ODWHB9DU    
3ODWHB&RQ    
1RWH9DULQGLFDWHVWKHDVSHFWUDWLRRIGHIHFWYDU\LQJZKLOH&RQ,QGLFDWHVWKHDVSHFWUDWLRLVDFRQVWDQWYDOXH
7DEOH)DWLJXHIODZJURZWKGDWDRID[LDOGHIHFW
$[LDO'HIHFW ,QLWLDOǻ. )ODZ'HSWKDW6WUHVV&\FOH
)ODZ'HSWKDW
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
&\OLQGHUB9DU    
&\OLQGHUB&RQ    !
3ODWHB9DU    
3ODWHB&RQ    


)ODZWROHUDQFH6DPSOH3UREOHP5HVXOWV&LUF)ODZ










          
&\FOHV
D
W
393BF\OLQGHUBYDU
;,B$33BF\OLQGHUBYDU
;,B$33B3ODWHBYDU
;,B$33B3ODWHBFRQ

)LJ&LUFXPIHUHQWLDOIODZGHSWKYVVWUHVVF\FOHWLPH

1587 R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 
)ODZWROHUDQFH6DPSOH3UREOHP5HVXOWV/RQJ)ODZ










          
&\FOHV
D
W
$3,BF\OLQGHUBYDU
;,B$33BF\OLQGHUBYDU
;,B$33B3ODWHBYDU
;,B$33B3ODWHBFRQ

)LJ$[LDO)ODZ'HSWK966WUHVV&\FOH7LPH
7DEOH)DWLJXHIODZJURZWKGDWDRIFLUFXPIHUHQWLDOGHIHFW
&LUFXPIHUHQWLDO 
'HIHFW ,QLWLDǻ.
)ODZ'HSWKDW
6WUHVV&\FOH
)ODZ'HSWKDW
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
&\OLQGHUB9DU    
&\OLQGHUB&RQ    
3ODWHB9DU    
3ODWHB&RQ    
7DEOH)DWLJXHIODZJURZWKGDWDRID[LDOGHIHFW
$[LDO'HIHFW ,QLWLDOǻ. )ODZ'HSWKDW  6WUHVV&\FOH
)ODZ'HSWKDW
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
&\OLQGHUB&RQ    
&\OLQGHUB9DU    












       
D
W
&\FOHV
)ODZWROHUDQFH6DPSOH3UREOHP5HVXOWV&LUF)ODZ
393BF\OLQGHUBFRQ
393BF\OLQGHUBYDU
;,B$33B3ODWHBFRQ
;,B$33B3ODWHBYDU

)LJ&LUFXPIHUHQWLDOIODZGHSWKYVVWUHVVF\FOHWLPH

1588   R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 










        
D
W
&\FOHV
)ODZWROHUDQFH6DPSOH3UREOHP5HVXOWV/RQJ)ODZ
$3,BF\OLQGHUBFRQ
$3,BF\OLQGHUBYDU

)LJ$[LDOIODZGHSWKYVVWUHVVF\FOHWLPH
61(5', MRLQHG WKH ($) 7* DQG ILQLVKHG WKH VHFRQG URXQG VDPSOH SUREOHP 7KH UHVXOWV EDVHG RQ F\OLQGHU
VWUXFWXUHVROXWLRQ393DQGSODWHVWUXFWXUHVROXWLRQ$60(6HFWLRQ;,DUHREWDLQHG61(5',KDVDOVRUHVHDUFKHG
WKHHIIHFWRIFRQVWDQWIODZVKDSHDQGYDU\LQJIODZVKDSHRQWKHUHVXOWV0RUHRYHU WKHFUDFNFORVXUHHIIHFW LVDOVR
VWXGLHG)LQDOO\61(5',ILQLVKHGDQGVXEPLWWHGNLQGVRIUHVXOWVIRUD[LDOIODZDQGNLQGVRIFLUFXPIHUHQWLDOIODZ
WR($)7*
7DEOH  VKRZV WKH FLUFXPIHUHQWLDO IODZ WROHUDQFH UHVXOWV FRPSDULVRQ RI HLJKW SDUWLFLSDQWV RI ($) 7* 7KH
FLUFXPIHUHQWLDOIODZGHSWKJURZWKWUHQGYVVWUHVVF\FOHVLVVKRZQLQ)LJZKLOHWKHVWUHVVLQWHQVLW\IDFWRUYDU\LQJ
UDQN ǻ. YV VWUHVV F\FOHV LV VKRZQ LQ )LJ  7DEOH  LV WKH D[LDO IODZ WROHUDQFH UHVXOWV FRPSDULVRQ RI HLJKW
SDUWLFLSDQWVRI($)7*7KH D[LDO IODZGHSWK JURZWK WUHQGYV VWUHVV F\FOHV LV VKRZQ LQ)LJ ZKLOH WKH VWUHVV
LQWHQVLW\IDFWRUYDU\LQJUDQNǻ.YVVWUHVVF\FOHVLVVKRZQLQ)LJ
7DEOH&LUFXPIHUHQWLDOIODZJURZWKUHVXOWVRI($)7*SDUWLFLSDQWV
&LUFXPIHUHQWLDO
)ODZ ,QLWLDOǻ.
)ODZ'HSWKDW
6WUHVV&\FOH
)ODZ'HSWKDW
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
3+    
''    
''    
&1    
:5    
*6    
61    
61    
61    
61    
1RWH3+'':5*6DQG&1DUHRWKHUSDUWLFLSDQWVRI$60(,,,($)7*ZKLOH61LVVKRUWIRU61(5',
7DEOH$[LDOIODZJURZWKUHVXOWVRI($)7*SDUWLFLSDQWV
$[LDO)ODZ ,QLWLDOǻ. )ODZ'HSWKDW6WUHVV&\FOH
)ODZ'HSWKDW 
6WUHVV&\FOH
6WUHVV&\FOHVDW
W
3+    
''    
''    
1589 R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 
&1    
:5    
61    
61    
15    



)LJ&LUFXPIHUHQWLDOIODZGHSWKJURZWKYVVWUHVVF\FOHVILQLVKHGE\($)7*SDUWLFLSDQWV


)LJ&LUFXPIHUHQWLDOIODZGHSWKVWUHVVLQWHQVLW\YDU\LQJUDQJHYVIODZGHSWKILQLVKHGE\($)7*SDUWLFLSDQWV

1590   R. Shen et al. /  Procedia Engineering  130 ( 2015 )  1580 – 1591 

)LJ$[LDOIODZGHSWKJURZWKYVVWUHVVF\FOHVILQLVKHGE\($)7*SDUWLFLSDQWV


)LJ$[LDOIODZGHSWKVWUHVVLQWHQVLW\YDU\LQJUDQJHYVIODZGHSWKILQLVKHGE\($)7*SDUWLFLSDQWV
&RQFOXVLRQ
61(5', MRLQHG WKH$60(($)7*VHFRQG URXQG VDPSOHSUREOHPRI IODZ WROHUDQFHPHWKRGFRQVLGHULQJ WKH
HQYLURQPHQWDVVLVWDQWIDWLJXH$LQLWLDOGHIHFWRIDW DQGVKDSHGFLUFXPIHUHQWLDODQGD[LDOIODZLVSRVWXODWHG
7KH IDWLJXH IODZ JURZWK UHVXOWV IRU FLUFXPIHUHQWLDO DQG D[LDO IODZ LQ HQYLURQPHQW LV VWXGLHG EDVHG RQ F\OLQGHU
VWUXFWXUH DQG SODWH VWUXFWXUH0RUHRYHU WKH FUDFN FORVXUH HIIHFW LV DOVR FRQVLGHUHG DQG VRPH FRQFOXVLRQV FDQ EH
PDGHDVIROORZV
 7KH IODZ GHSWK DW  VWUHVV F\FOHV ERWK IRU WKH FLUFXPIHUHQWLDO DQG D[LDO IODZ FDQ VDWLVI\ WKH OLPLW RI
$60(6HFWLRQ;,$SSHQGL[&>@+RZHYHUWKHFXPXODWLYHIDWLJXHXVDJHIDFWRUSURGXFHGE\$60(&RGH
&DVH1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